The underfilling BGA as an alternative to direct chip attachment for high density packaging technologies have been developed. This paper discusses the thermomechanical and metallurgical effects of underfill material and the resulting improvement in board level reliability for underfilled BGA assemblies. Finite element analysis (FEA) models were developed to predict the thermal fatigue life of the solder joints during thermal cycling tests for BGA assemblies without and with underfill material. FEA predicted that the stress concentrated in the solder at the crevice between the solder ball and upper substrate was approximately 60 percent of the stress without underfill. Subsequently, the predicted fatigue life was as much as 10 times higher for the underfilled assemblies. The thermal fatigue failure of BGA solder joints was also investigated experimentally using thermal cycle testing with subsequent solder joint analysis by scanning electron microscope (SEM) and energy dispersive X-ray (EDX). The experiments revealed that solder joint failure was caused by propagation of cracks that initiated in the solder at the upper interface between the solder ball and copper pad. The fatigue life of the underfilled assemblies was about 8 times that of the assemblies without underfill. The results showed that the underfill material can play an important role in improving board level reliability for BGA solder joints in harsh environments.
Introduction
The demand for continued miniaturization and lower cost in the electronics industry has fueled the development of highly-integrated circuitry and reliable, high density, fine pitch input/output (I/O) connection systems such as Micro Ball Grid Array (BGA), Chip Scale Package (CSP), and Flip Chip (FC). [1] [2] [3] A major issue in applying BGA packages and CSP has been board-level reliability, [4] [5] [6] which is a particularly critical issue in portable electronic products such as PDAs, cellular phones, etc. In these products, harsh service conditions such as mechanical impacts, 7) vibration and bending 8, 9) add to cyclical thermal stresses induced by differences in the Coefficient of Thermal Expansion (CTE) between the chip and the printed circuit board (PCB). 10) Although the board-level reliability of BGA and CSP has been dramatically improved in last few years, stress-induced failure in BGA/CSP interconnections is still a problem and there have been numerous studies aimed at understanding and addressing the failure of solder joints due to thermal fatigue.
The underfill technique was first developed to reduce thermal and environmental stress concentrations at joints in flip chip assemblies. 2, 11) Consequently, BGA/CSP could be used in small electronic devices such as cellular phones. [12] [13] [14] It was found that one of the main factors that affects the board-level reliability for BGA-type packages is the standoff height (SOH) -the distance between the package and the board. As SOH decreases, the thermal fatigue life of the solder joint also decreases. Furthermore, it was found that soft polymeric underfill materials could produce lifetime improvements.
In this paper, research regarding the improvements in board-level reliability for BGA assemblies made using an underfill material are discussed. Finite Element Analysis (FEA) was performed to examine the magnitudes of the stress and strain concentrations at the solder joints. Also, thermal cycling tests in the temperature range of 208 to 423 K were performed for experimental verification of the FEA predictions. Finally, the microstructure of solder joints and failure interfaces were examined using scanning electron microscopy (SEM) and energy dispersive X-ray (EDX).
Approach

Numerical study
FEA has been widely utilized as an analytical approach for studying the thermal fatigue life of solder joints. In this paper, a nonlinear 3-D finite element models were implemented using ANSYS 5.62 and the JCG solver. The models, illustrated in Fig. 1 , included a BGA package soldered onto pads on a PCB, with and without underfill.
The modeled BGA package consisted of 48 solder joints with ball height of 0.15 mm, and pitch of 0.5 mm. Since the module was assumed to be symmetric, only a quarter of the 
Critical solder joint assembly was modeled. The assembly consists of a Si-chip, encapsulant, core, Cu pad, solder (63Sn/37Pb), and FR-4 PCB. All the materials in the assembly except the solder ball were assumed to linear elastic with the properties listed in Table 1 . Since the solder joints are prone to thermal fatigue failure during temperature cycling, a more detailed consideration of solder material property was implemented. The solder ball was modeled as a linear plastic material with a temperature dependent yield strength and other properties as shown in Table 2 . 15) Also, the bilinear kinematic hardening option for a cyclic behavior during thermal cycling, which is suitable for general small strain use for materials that obey Von-Mises yield criterion. Because of the combination of mechanical restraint and thermal expansion distribution, the solder ball at the inner corner of the 10-ball matrix (labeled as the critical solder joint in Fig. 1 ) experiences the highest levels of thermal stress and strain. Consequently, it is typically the first to fail in thermal fatigue tests.
For the thermal analysis, 8-noded 3-D thermal elements (solid 70) were used to convert thermal cycling to uniform temperature loading. The solder bumps were meshed with 8-noded viscous elements (visco 107), which are capable of accommodating large deflections. All elements except the solder bump were meshed with 8-noded structural analysis elements (solid 45) to calculate the strains and stresses due to the CTE mismatch between the package and board. Symmetric boundary conditions are applied to the two planes of symmetry. One node along the axis of symmetry at the center of device was completely restrained to eliminate rigid body motion. Figure 2 shows the thermal cycling temperature profile imposed on the BGA assembly. The temperature was varied from 208 to 423 K with a ramp time of 10 minutes and a dwell time of 5 minutes at the temperature extremes. The thermal cycling load frequency corresponds to 0:56 Â 10 À3 Hz. The thermal expansion was measured from a reference temperature of 298 K. Three full thermal cycles were executed to obtain a stabilized stress-strain hysteresis loop. The temperature distribution was assumed to be uniform throughout the assembly during thermal cycling.
Experimental study
The cause of the failures that determine the lifetime of BGA solder joints is thermal fatigue due to the difference of CTE (Coefficient of Thermal Expansion) between the chip and the PCB. 8) In these experiments, we examined the effect of underfill on the thermal fatigue reliability of the solder joints. 48-connection BGA packages were used for the thermal cycling tests. This type of package has a larger ratio of chip area to package area and is an ideal package for ultra thin portable electronics applications. It is commonly used in cellular telephones. Figure 3 shows the basic structure and relevant specification are listed in Table 3 . The package body size and chip size were 10 mm Â 11 mm and 9:12 mm Â The BGAs were mounted on a PCB using a pick and place system and reflowed in a reflow oven. After reflow, an underfill material supplied by Samsung Electronics was dispensed in L-shape along two edges of the package. After the underfill material was cured for 20 minutes at 393 K, the specimens with and without underfill were thermally cycled in an air-to-air temperature cycling chamber. To decrease the testing time, an accelerated thermal cycling (ATC) test was used to evaluate the fatigue life. 2, 16) The temperature ranged from 208 to 423 K and the cycle time was 30 minutes. Specimens without underfill were subjected to 200 to 800 cycles and specimens with underfill were exposed to 1000 to 6000 cycles. To detect crack initiation, measure crack propagation and characterize solder microstructure, all solder joints were cross sectioned and imaged by SEM. Even though the volume of solder initially deposited onto each copper pad was the same, the shape and cross-sectional area of the solder joints after the assembly and reflow processes were observed to vary somewhat and the solder joints did not all respond the same to thermal cycling. Therefore, the fatigue life of the solder connections was estimated by the number of thermal cycles that resulted in cracking or failure of 50% of the total solder joints in 10 specimens. Figure 4 shows the distribution of Von-Mises equivalent stress in the critical solder joints without and with underfill material at the end of the third cycle. It can be seen that the highest stress is concentrated at the interface between the upper right-hand corner of the Cu pad and solder material. Therefore, it was expected that fatigue cracks would initiate in the solder at this location in the experimental tests. Moreover, the predicted maximum stress was larger for joints without underfill material. The maximum stress in joints with underfill material was 10 MPa, about 60% of the 17 MPa maximum stress in joints without underfill material. Both stress and strain due to CTE mismatch between the chip and PCB were considerably decreased by the presence of the underfill material, which had relatively low Young's modulus and CTE. Figure 5 shows the equivalent plastic strain hysteresis loop at the maximum location of the corner solder joint without and with underfill material for multiple cycles. Similarly, it could be seen that the equivalent plastic strain of the joints with underfill material was only about 65% of that without underfill material. From these results, it was concluded that the strain concentration near the interface was significantly reduced by the presence of an underfill material.
Results and Discussions
Numerical results
For the prediction of thermal fatigue life N f of solder joints, a Coffin-Manson equation modified by Engelmaier was used.
17) The modified expression is given by
where N f is mean cycles to failure, Á is total shear strain range, " f 0 is fatigue ductility coefficient and c is fatigue ductility exponent. To account for the incomplete stress relaxation at different temperatures and dwell times, 2" f 0 and c have been determined with Wild's test data. 18) For 63Sn-37Pb solder, 19) 2" f 0 % 0:65 ð2Þ
The fatigue ductility exponent c is a function of the mean temperature and the cyclic frequency according to the expression c ¼ À0:442 À 6 Â 10 À4 ðT s À 273:15Þ
where T s is the mean cyclic solder joint temperature (K) and t d is the half-cycle dwell time in minutes. The solder was assumed to follow the Von-Mises yield criterion with the equivalent stress and equivalent strain components given by
where i and " i (i ¼ 1, 2, 3) are the principal stresses and principal strains, respectively. The total shear strain range Á is defined as
The equivalent strain ranges and the predicted thermal fatigue life for the solder joints with and without underfill material are shown in Table 4 . The total number of cycles to failure for the BGA model was determined by eq. (1). The equivalent plastic strain range Á" p eq (0.5353%) and the total shear strain range Á t eq (1.0038%) of the underfill joints were 60% of values without underfill and the predicted thermal fatigue life (20398 cycles) was 10 times or more of that of joints without underfill (1623 cycles). It should be noted that the actual solder joints life depend on the various processing factors as well as the service conditions.
Experimental results and discussions
The finite element model predicted that the maximum stress in the critical solder joints occurred near the interface between the upper substrate and solder. Figure 6 shows SEM micrographs of the critical solder joints without underfill material. It can be seen that a crack was initiated in the solder near the interface between an upper right-hand corner of the solder bump and the copper pad after about 500 thermal cycles, as predicted by the finite element model. The crack propagated 30% of the way along the upper interface in five of ten specimens after 600 cycles. Finally, in four of the 10 observed specimens, the upper interface the solder joint was completely failed after 800 cycles. For solder joints with underfill, however, there was no evidence of crack initiation even after 4500 cycles. As shown in Fig. 7(a) , crack initiation occurred in the solder at the interface with the upper substrate after 5000 cycles. After initiation, the cracks propagated along the upper interface just for the solder joints without underfill. Furthermore, it could be observed that the crack fronts moved in a fairly uniform fashion toward the center of the joints, eventually meeting up to cause complete failure after 6000 cycles in four of the observed 10 specimens. The present experimental results show an increase of thermal fatigue life of about 7.5 times when using the underfill material. This experimental result is consistent with the FEA results which showed that the underfill material deceased the concentrated stress due to the large CTE mismatch between the chip and the PCB. The failure mode, with cracks initiating near the upper copper trace and propagating through the solder joints near the interface, was observed in all of the large number of tested samples regardless of the presence of underfill material. Additionally, the variability seen amongst the various observed specimens indicates that the shape, real joint area and/or other properties of the solder joints produced by the reflow and assembly processes may have been somewhat inconsistent, even though the initial volume of each solder ball was the same. Other work has shown that thermal fatigue life is affected by the shape of the solder joints 21, 22) and the thickness and nature of the diffusion layers that form near the interface. 23, 24) Comparison of the micrographs in Figs. 6 and 7 show that the grain size of the solder microstructure was somewhat enlarged with thermal cycling time and high temperature. However, in spite of the fact that the underfilled solder joints were probably metallurgically weakened by the grain growth, the fatigue life was still longer. This indicates that decreased thermal stress and strain at the solder joint were more significant than the effects on the solder material microstructure.
Conclusions
It has developed the underfilling BGA as an alternative to direct chip attachment for high density packaging technologies. In this research, the thermo-mechanical reliability of BGA solder joint was investigated by FEA and thermal cycling experiments. A methodology for using finite element analysis to predict the reliability BGA solder joints under accelerated temperature cycle conditions was demonstrated. FEA predicted that the maximum stress and strain was concentrated near the interface between the upper right-hand corner of the solder joints and the copper pad, a result that corresponded to the location of crack initiation during thermal cycling experiments. The FEA results also showed that underfill decreased the maximum stress in the critical joints by about 60% and increased the predicted fatigue life by a factor of as much as 10. Experimental results clearly showed that the board-level reliability of BGA assemblies for harsh environment applications was significantly improved by underfill material. Thermal fatigue lifetime was extended by an average of 8 times or more compared to assemblies without underfill material, somewhat less than the predictions from numerical analysis. It was concluded that underfill material played an important role in reducing stress and strain due to the thermal cycling. Underfill material might also be expected and play a similar role in reducing stress and strain due to physical impact. Furthermore, it was observed that the tested BGA assemblies failed in fatigue.
